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Summary 

Analysis  and  flow  experiments  on  a  ceramic- 
coated-porous-metal  vane  concept  indicated  the 
feasibility,  from  a  heat  transfer  standpoint,  of 
operating  in  a  high-temperature  (1644  K;  2500*  F) 
gas  turbine  cascade  facility.  The  heat  transfer  and 
pressure  drop  calculations  provide  a  basis  for 
selecting  the  ceramic  layer  thickness  (to  2.03  mm; 
0.08  in.),  which  was  found  to  be  the  dominant  factor 
in  the  overall  heat  transfer  coefficient.  Also  an 
approximate  analysis  of  the  heat  transfer  in  the  vane 
trailing  edge  revealed  that  with  trailing-edge  ejection 
the  ceramic  thickness  could  be  reduced  to  0.254 
millimeter  (0.01  in.)  in  this  portion  of  the  vane. 


Introduction 

Continuing  demand  for  improved  performance 
(thrust  and  efficiency)  drives  gas  turbine  designs 
toward  ever  increasing  temperatures  in  the  turbine 
assemblies,  which  are  composed  of  metallic 
components  and  are  cooled  in  order  to  meet 
operating  life  goals.  Therefore  an  increase  in  turbine 
gas  temperature  has  an  associated  increase  in  cooling 
airflow  requirement,  which  brings  about  a  point  of 
diminishing  return  on  performance  improvement 
because  of  the  penalty  associated  with  bleeding  off 
air  for  cooling. 

As  compared  with  cooling  large  engines,  small 
engines  have  additional  problems  of  larger  penalty 
associated  with  bleeding  air  and  with  incorporation 
of  cooling  passages  and  holes  in  small  vanes  and 
other  components.  For  these  reasons  small  engines 
generally  employ  less  pooling  technology  than  large 
engines,  and  by  necessity  operate  at  lower 
temperatures. 

In  an  effort  to  find  solutions  to  these  small-engine 
cooling  problems,  considerable  work  has  been 
expended  in  developing  monolithic  ceramic 
components  that  can  operate  uncooled;  in  this 
regard,  references  I  to  3  are  a  few  examples  of  the 
extensive  work  in  this  area.  The  inherent  low  tensile 
strength  and  brittleness  of  monolithic  ceramics 
makes  application  difficult. 

Another  approach  to  obtain  high-temperature 
components  without  a  large  cooling  penalty  has  been 
applied  by  reference  4  to  end  walls  over  turbine  blade 
tips.  This  approach  makes  use  of  ceramic  sprayed 


onto  a  porous  metal  layer.  The  low  modulus  of  this 
porous  metal  layer  acts  to  mitigate  the  thermal  strain 
differences  between  the  ceramic  and  the  metal  base 
structure  to  which  the  porous  metal  is  brazed.  The 
porous  metal  provides  an  excellent  bonding  surface 
for  the  sprayed  ceramic  layer,  and  excellent 
mechanical  and  thermal  shock  resistance  are  reported 
(ref.  5). 

This  ceramic-coated-porous-metal  concept  may 
prove  to  be  useful  for  other  static  components  such 
as  the  vane  concepts  described  in  reference  6.  One 
version  of  this  concept  is  composed  of  a  plasma- 
sprayed  ceramic  coating  applied  over  an  airfoil¬ 
shaped  porous  metal  core.  The  ceramic  coating  acts 
as  a  thermal  barrier,  and  a  small  amount  of  cooling 
air  flows  spanwise  through  the  porous  metal  core. 

The  objectives  of  this  work  are  to  establish  the 
feasibility  of  this  vane  concept  by  measuring  the 
pressure  drop  in  the  porous  metal  that  would  be  used 
in  a  vane  core  and  by  formulating  mathematical 
models  for  the  prediction  of  temperatures  and 
cooling  mass  flow.  Three  different  gases  (air,  argon, 
and  helium)  were  used  in  the  flow  studies  on  porous 
metals,  and  mass  flow  rates  were  recorded  as  a 
function  of  pressure  drop  across  the  porous  metal 
specimen.  Generally  the  flow  rates  were  in  a  very  low 
Reynolds  number  regime.  From  the  flow  data  an 
average  hydraulic  diameter  and  associated  friction 
factor  were  calculated.  These  data,  in  conjunction 
with  heat  transfer  analysis,  were  used  to  judge  the 
feasibility  of  the  vane  concept. 


Background  and  Analysis 

Vane  Concept 

The  basic  vane  concept,  which  is  shown  in  figure  1 , 
consists  of  a  porous  mefal  airfoil  shape  that  is 
oversprayed  with  a  ceramic  coating.  Cooling  airflow 
is  in  a  radial  direction,  that  is,  normal  to  the  axial 
flow  of  the  turbine  gas.  And  heat  conduction  is 
through  the  ceramic  coating,  which  acts  as  a  thermal 
barrier,  into  the  porous  metal  region.  This 
ceramic/porous  metal  concept  is  considered  suitable 
for  limited-life  engines,  in  which  plugging  of  the 
porous  metal  would  not  be  a  problem.  A 
nonplugging  concept  for  long  life  (ref.  6)  was  not 
evaluated  in  this  study. 


The  vane  core,  which  is  a  75-percent-porosity 
metal,  is  shown  in  figure  2  prior  to  ceramic  coating. 
The  span  of  the  test  vane  was  determined  by  heat 
transfer  and  flow  analysis  (see  following  sections) 
and  was  selected  to  be  2S.4  millimeters  (1.0  in.).  The 
airfoil  core  cross-sectional  area  (normal  to  the 
cooling  airflow  direction)  was  387  square  millimeters 
(0.6  in2);  this  cross-sectional  area  has  a  perimeter  of 
127  millimeters  (S  in.).  The  vane  core  was  fabricated 
(by  electron  discharge  machining)  from  a  slab  of 
NiCrFeMo  alloy  porous  metal.  A  scanning  electron 
photomicrograph  (fig.  3)  shows  the  surface  after 
fabrication.  Internal  surface  area  measured  by  a  gas 
absorption  method  was  0.8  m2/g  (4345  ft2/lbm). 

A  ceramic  coating  of  ZrC>2  was  plasma  sprayed 
onto  the  porous  metal  airfoil  shape  and  conceptually 
covered  the  entire  airfoil  with  a  constant-thickness 
coating  except  at  the  trailing  edge,  which  was  left 
uncovered  for  trailing-edge  ejection  (fig.  1).  The 
procedure  for  coating  the  porous  metal  core 
consisted  of  (1)  grit-blasting  with  pure  aluminum 
oxide  particles,  (2)  plasma-spraying  a  bond  coating 
of  Ni-16Cr-6Al-0.64Y  on  the  porous  metal  core,  and 
(3)  plasma-spraying  a  ceramic  coating  of  8-weight- 
percent-yttria-stabilized  zirconia  (ZrO2)  onto  the 
bond  coating. 


(radial  airflow) 


Trailing- 

edge 

election 


Figure  1.  -  Ceramic-coated  porous  metal  vane  concept. 


C -80-6735 

Figure  2.  -  Vane  core  made  from  porous  metal. 


Trailing-edge  ejection  is  needed  in  order  to 
maintain  acceptable  temperature  levels  in  this  thin 
portion  of  the  vane.  In  this  regard  the  thicker  section 
of  the  vane  is  visualized  to  have  predominately 
spanwise  flow  and  the  trailing  edge  to  have  axial 
flow.  This  flow  is  established  in  the  vane  by  a  hole 
in  the  core  that  feeds  cooling  air  to  the  trailing  edge 
(fig-  4). 

Vane  Heat  Transfer  Analysis 

A  simplified  mathematical  model  that  was  used  to 
formulate  the  heat  transfer  analysis  is  shown  in 
figure  5.  The  model  is  based  on  the  following 
assumptions: 


Figure  3.  -  Scanning  electron  photo¬ 
micrograph  of  porous  metal  surface 
(after  electric  discharge  machiningl. 


Figure  4  -  Sketch  of  test  vane  core  showing  location  of  trailing-edge 
cooling  hole. 
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Figure  5.  -  Vane  mathematical  model 


(1)  The  heat  flux  through  the  ceramic  layer  is  one 
dimensional.  (Ceramic  thermal  conductivity  values 
were  obtained  from  ref.  7.) 

(2)  The  cooling  airflow  Reynolds  number  is  low; 
therefore  the  porous  metal  temperature  is  not 
significantly  greater  than  the  cooling  air 
temperatures  and  the  two  temperatures  can  be 
considered  equal  (refs.  8  and  9). 


(3)  The  cooling  airflow  through  the  porous  metal 
core  is  one  dimensional,  and  a  thermal  gradient  in  the 
porous  metal  exists  only  in  the  cooling  airflow 
direction. 

(4)  A  flat-plate  model  was  used  to  calculate  the 
hot-gas-to-surface  heat  transfer  coefficient,  and  this 
coefficient  was  assumed  to  be  constant  and 
applicable  to  the  entire  vane  surface.  Reference  10 
shows  that  the  flat-plate  coefficient,  based  on  the 
initial  hot-gas  inlet  conditions  to  its  vanes,  is 
conservative  (larger  than  the  actual  coefficient). 

This  fourth  assumption  regarding  the  hot-gas  film 
coefficient  can  be  further  justified  (see  results 
section)  on  the  basis  that  the  conductivity  of  the  hot- 
gas  film  is  generally  larger  than  the  conductivity  of 
the  ceramic  layer;  therefore  the  solution  is  not 
sensitive  to  the  accuracy  of  the  hot-gas  film 
coefficient.  Assumed  test  conditions  used  to  predict 
vane  core  operating  temperature  are  given  in  table  1. 

With  reference  to  figure  5(b),  the  heat  flux 
equation  for  the  gradient  through  the  hot-gas  film 
and  ceramic  layer  is 

9=^(rg-rfto)=^(rbo-7’w) 

-*«***, -rw)  (i) 

in  which,  q  is  the  heat  flux,  is  the  hot-gas  film 
coefficient,  kb  is  the  conductivity  of  the  ceramic 
layer,  and  h^f  is  the  overall  heat  transfer  coefficient. 
This  heat  flux  is  conducted  into  the  porous  metal  and 
then  into  the  cooling  air;  the  following  holds: 

(2) 

in  which  s  is  the  perimeter  of  the  vane  airfoil  shape, 
W  is  ;he  mass  flow  of  the  cooling  air,  and  cp  is  the 
specific  heat. 


TABLE  1. —OPERATING  CONDITIONS  AND  FLUID 


PROPERTY  DATA 


Turbine  hot  gas 

Cooling  air 

Entrance  temperature, 
K(*F) 

1644(2300) 

294(70) 

Inlet  preuurc,  atm 

10 

10 

Specific  heat,  cp, 

J/g  K  (Btu/lbm  *F) 

1.046(0.23) 

1.046(0.23) 

Kinematic  visocity,  y, 
cm1 2 /sec  (in1 /sec) 

0.196(0.0304) 

0.0149  (0.0023) 

Equations  (1)  and  (2)  can  be  combined  to  give  dZ  =  Wcp  dT/htffS{Ti  -  T) 


(r,-7)  = 


WcD  dT 
hff/s  dZ 


(3) 


where  ht ff  is  the  overall  heat  transfer  coefficient  and 
Z  is  the  vane  span.  Integration  of  equation  (3)  and 
application  of  the  boundary  condition  of  at 

Z- 0  result  in  the  following  relationship: 


(see  eq.  (3)) 


(variable  property  relationship  in  which  y  is  the 
kinematic  viscosity) 


iff—  hjfjsL _ 1 _ 

cp  In  (Tg-TcoViTg-Ta) 


(4) 


iy—  hfffSL  _ 1 _ 

In  (Tg~Tco)/(Tt-Tci) 


in  which  Tco  is  the  entrance  cooling  air  temperature 
and  Tci  is  its  cooling  air  temperature  at  Z-L. 
Equation  (4)  can  be  used  to  predict  the  maximum 
vane  core  temperature  Tci  as  a  function  of  cooling  air 
mass  flow. 


and  the  result  after  integration  is 


Vane  Flow  Analysis 

The  flow  in  the  porous  metal  was  modeled  like 
pipe  flow;  and  since  the  Reynolds  number  was 
assumed  to  be  low,  the  friction  factor  for  laminar 
pipe  flow  was  used.  That  is, 


,f  /(*ci  )~I(XC0) 

l/*oo2(ln(l  -*«,)/(!  -*e/)]2 


in  which 


(8) 


64  64p_ 

Re  PVdh 


(5) 


X^dX 

\-X 


-  jA?'2  -2XV1 


where  dh  is  the  hydraulic  diameter  for  the  porosity  of 
the  metal  core,  p  is  the  fluid  density,  Kis  the  average 
velocity  in  the  pores,  and  m  is  the  fluid  viscosity.  Also 
the  following  applies: 


F.  dh  dP 
VipF 2  dZ 
\ 


(6) 


in  which  dP/dZ  is  the  pressure  gradient  along  the 
span.  Equating  (S)  and  (6)  gives 


dP„  32p(pV) 

p«*a>2  ( 

In  which  (d*)2/32  corresponds  to  the  permeability 
coefficient  of  the  Darcy  equation  as  given  in 
reference  1 1 .  It  is  convenient  to  make  the  following 
substitutions  into  equation  (7): 


7+*1/2 

f-X'* 


) 


and 


With  reference  to  equation  (8),  the  hydraulic 
diameter  df,  is  the  only  unknown,  and  this  was 
determined  in  a  series  of  flow  tests  (see  following 
sections)  on  the  particular  core  material  used  to 
construct  the  vane. 


Apparatus  and  Procedure 


pV=  WliA 

e  is  porosity,  A  is  the  flow  area 
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Experiments  on  Flow  Through  Porous  Metals 

A  schematic  of  the  flow  test  rig  used  to  measure 
pressure  drop  across  the  porous  metal  specimen  is 


shown  in  figure  6.  This  pressure  drop  was  measured 
by  a  differential  pressure  transducer.  Ups'. ream  and 
downstream  static  pressures  were  measured  by  gages 
connected  to  wall  taps;  these  pressure  gages  also 
provided  a  check  on  the  differential  pressure 
transducer.  The  static  pressure  at  the  inlet  to  the 
rotometer  was  also  measured  by  a  pressure  gage  and 
provided  the  basis  for  flow  rate  calculations. 
Upstream  and  downstream  gas  temperatures  were 
measured  by  thermocouples.  The  porous  metal 
specimen  was  the  same  NiCrFeMo  metal  alloy  of  75 
percent  porosity  used  to  construct  the  vane  core.  The 
specimen  was  cylindrical  in  shape,  20.02  millimeters 
(0.788  in.)  long  and  19.05  millimeters  (0.75  in.)  in 
diameter. 

Typical  test  procedure  for  each  test  point  consisted 
of  setting  a  desired  pressure  level  at  the  inlet  to  the 
rotometer;  this  pressure  level  corresponded  to  one  of 
the  two  pressure  levels,  23.9  and  37.8  N/cm2  abs 
(34.7  and  54.7  psia),  used  in  calibrating  the 
rotometer.  During  the  test  the  upstream  and 
downstream  temperatures  were  monitored,  and  these 
did  not  vary  by  more  than  a  few  degrees  from  room 
temperature  293  K  (68*  F).  Essentially  a  range  of 
pressure  differentials  across  the  porous  metal 
specimen  was  established  by  regulating  of  upstream 
and  downstream  valves,  and  data  were  taken  after 
flow  equilibrium  was  established.  Pressure 
differential  and  mass  flow  were  measured  for  three 
different  gases  (air,  argon,  r\nd  helium).  The 
measured  mass  flow  together  with  the  measured 
pressure  differential  across  the  specimen  was  used  to 
construct  curves  of  flow  as  a  function  of  pressure 
differential.  From  these  data  an  average  hydraulic 


diameter  was  determined;  this  calculation,  being 
basec  on  the  assumption  of  viscous-dominated  flow, 
made  use  of  the  relationship  that  the  flow  friction 
factor  Fwas  equal  to  64/Re. 

Results  and  Discussion 

Flow  Through  Porous  Media 

Flow  tests  were  made  as  described  in  the  preceding 
section.  These  test  data,  shown  in  figure  7  for  three 
different  gases  (air,  argon,  and  helium),  allow 
calculation  of  the  hydraulic  diamett  !,y  use  of 
equation  (7).  The  calculated  hydraulic  diameter  from 
all  the  data  in  figure  7  is  shown  in  figure  8,  from 
which  the  average  calculated  hydraulic  diameter  has 
been  determined  to  be  0.000016  meter  (0.000051  ft). 
This  average  value  of  hydraulic  diameter  was  used  in 
calculating  pressure  drop  and  heat  transfer  in  the  test 
vane  core. 

Vane  Heat  Transfer 

Equation  (1)  was  used  to  get  a  measure  of  the 
relative  effectiveness  of  tiie  ceramic  coating  as  a 
thermal  barrier.  In  this  calculation  the  ceramic 
thermal  conductivity  was  taken  as  a  constant  with 
temperature.  Data  in  references  7  and  12  suggest  that 
the  variation  of  the  thermal  conductivity  is  not 
significant  up  to  temperatures  in  the  range  1360  K 
(2500*  F)  (frj,  is  approximately  0.006  W/cm  K,  ref. 
7).  With  reference  to  figure  9,  as  the  ceramic 
thickness  approaches  zero,  the  indicated  film 


source 


Figure  6.  •  Schematic  of  apparatus  used  to  measure  pressure  drop  as  a  function  of  mass  flow. 
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Figure  7.  -  Pressure  gradient  is  function  of  gas  flow  through  porous  metal 
(75  percent  porosity). 


□  Air 
a  Argon 
o  Helium 

Open  symbols  denote 
11 8-N/cnr  120-pslg)  pressure 
Solid  symbols  denote 
27. 6-N/cmz  (10-pslg)  pressure 


Reynolds  number,  He 


Figure  8.  -  Calculated  hydraulic  diameter  as  function  of  Reynolds  number 
for  gas  flow  through  porous  metal  (75  percent  porosity). 


coefficient  approaches  0.08  W/cm2  K  (0.00086 
Btu/in2  sec  *F);  this  is  really  a  measure  of  the  hot- 
gas  film  coefficient  since  the  ceramic  contribution  is 
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zero.  As  the  ceramic  layer  thickens,  the  contribution 
of  the  hot-gas  film  coefficient  is  decreased,  and 
above  1. 02-millimeter  (0.04-in.)  layer  thickness  the 
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ZrOj  ceramic  layer  thickness,  5,  In. 


Figure  9.  -  effective  heat  transfer  coefficient  as  function  of  ceramic  layer  thickness. 


overall  heat  transfer  is  markedly  influenced  by  the 
ceramic  thickness. 

Equation  (4)  provides  the  mass  flow  needed  to 
maintain  given  levels  of  exit  air  temperature  from  the 
test  vane  core;  the  results  of  the  analysis  are  shown  in 
figure  10.  V/ith  reference  to  figure  10,  as  the  | 

thickness  of  the  ceramic  layer  is  increased,  the  s 

cooling  flow  required  for  any  given  exit  air  * 

temperature  decreases  significantly.  (This  is  a  result  j 
of  the  good  thermal  barrier  characteristic  of  ~ 

the  ceramic  layer.)  From  oxidation  considerations,  I 
1144  K  (1600°  F)  was  selected  &s  a  maximum  porous 
metal  temperature  (cooling  flow  exit  temperature), 
and  the  curves  show  the  cooling  flow  required  for 
that  temperature  is  about  0.003  kg/sec  (0.006 
lbm/sec)  for  the  test  vane  with  a  1.02-millimeteis 
(0.04-in.)  thick  layer  of  ZrO*. 

Equation  (8)  permits  determination  of  the  pressure 
drop  through  the  test  vane;  the  results  of  the  analysis 
are  shown  in  figure  11.  For  the  example  of  a  core 
with  a  ceramic  coating  of  1.02  millimeters  (0.04  in.) 
the  pressure  drop  is  about  26  N/cm2  (38  psi). 

Equation  (8)  can  be  expressed  in  a  manner  more 
convenient  for  design  purposes,  as  shown  in  figure 
12,  in  which  the  pressure  drop  of  the  cooling  flow  is 
plotted  as  a  function  of  span  length  for  three 
different  cooling  flow  exit  temperatures  Tci.  From 
this  figure  it  is  quite  apparent  that  spans  greater  than 
3.3  centimeters  (1.38  in.)  are  not  practical  because  of 
the  rapidly  increasing  pressure  drop;  a  2.5-centimeter 
(1.00-in.)  span  was  selected  for  experimental  study 
since,  the  pressure  drop  for  this  span  length  is 
reasonable. 


L  J _  J_J _ 1 _ I 

1000  1200  1400  1600  1800  2000 

Cooling  flow  exit  temperature,  Tcj.  °F 

Figure  10.  -  Vane  cooling  flow  requirement  as  (unction  of  ceramic 
layer  vnlckness. 

Trailing- Edge  Ejection 

The  mathematical  model  of  figure  3  applied  in  the 
preceding  section  predicts  the  temperatuies  for  a 
vane  thickness  of  about  6.35  millimeters  (0.25  in.).  In 
those  sections  of  the  vane  where  the  core  is  thinner, 
such  as  at  the  trailing  edge,  the  model  will 
underestimate  the  temperature.  This  trailing-edge 
temperature  problem  is  handled  by  trailing-edge 
ejection  of  the  cooling  flow.  In  order  to  estimate  the 
ceramic  thickness  needed  to  protect  the  rather  thin 
(1.27  mm;  0.05  in.)  porous  metal  of  the  trailing  edge, 
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Cooling  fl«.' *xlt  ttmptrature,  Tc(.  K 
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figure  11.  -  Pressure  drop  as  function  of  porous  metil  exit  core 
(cooling  flow  exit)  temperature. 
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Figure  11  -  Cooling  mass  ilow  in  trailing  edge  (trailing-edge  ejec¬ 
tion)  as  function  of  cooling  flow  exit  temperature  for  various 
ceramic  thicknesses. 
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Figure  12.  -  Pressure  drcp  in  vane  span  as  function  of  span  length 
for  three  exit  cooling  gas  temperatures  in  porous  metal. 
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Figure  14.  -  Pressure  dorp  in  trailing  edge  (trailing-edge  ejection) 
as  function  o(  cooling  flow  exit  temperature  for  various  ceramic 
layer  thicknesses. 


it  was  modeled  in  a  fashion  similar  to  that  shown  in 
figure  5.  The  differences  were  that  the  cooling  flow 
length  was  6.3S  millimeters  (0.23  in.)  and  that  the 
entrance  cooling  flow  temperature  was  assumed  to  be 
294  K  (70*  F)  since  the  source  was  a  spanwise  hole 
(fig.  4).  The  results  of  the  analysis  are  shown  in 
figures  13  to  13. 

The  cooling  flow  required  to  maintain  the 
indicated  cooling  flow  exit  temperatures  on  the 
ordinate  are  shown  in  figure  13  for  0.25,  0.51,  0.76, 
and  1.02  millimeters  (O.Ol,  0.02,  0.03,  and  0.04  in.) 
thicknesses  of  ceramic.  For  example,  if  1144  K 
(1600*  F)  is  selected  as  the  maximum  allowable 


cooling  flow  exit  temperature,  the  required  cooling 
weight  flow  is  0.0005  kg/sec  (0.001 1  lbm/sec)  when 
the  ceramic  thickness  is  0.25  millimeter  (0.01  in.). 
And  in  figure  14  the  pressure  drop  for  trailing-edge 
ejection  is  displayed  as  a  function  of  cooling  flow  exit 
temperature.  For  example,  for  a  rather  thin  ceramic 
thickness  of  0.25  millimeter  (0.01  in.)  and  an 
allowable  exit  temperature  of  1144  K  (1600*  F),  the 
pressure  drop  is  about  16  N/cm2  (23  psi);  this  is  an 
acceptable  gradient. 

Finally  in  figure  15  the  pressure  drop  is  plotted  as  a 
function  of  cooling  flow  source  (hole)  distance  L, 
from  the  trailing  edge  (see  fig.  4).  The  data  indicated 
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Figure  15.  -  Pressure  drop  in  cooling  airflow 
in  trailing-edge  portion  as  function  of  cool¬ 
ing  flow  distance  from  trailing  edge  for  three 
cooling  flow  exit  temperatures. 

that  distances  greater  than  l.S  centimeters  (0.6  in.) 
are  not  practical;  a  distance  of  0.63  centimeter  (0.25 
in.)  was  selected  since  the  calculated  pressure  drop 
was  acceptable  for  this  distance. 


Concluding  Remarks 

The  pressure  drop  of  the  required  cooling  flow 
through  the  porous  core  of  the  vane  is  an  important 
engine  design  consideration  since  exit  pressure  level 
determines  the  location  at  which  the  flow  can  be 
returned  to  the  engine  flow  path  or  determines  if  the 
flow  can  be  used  for  additional  cooling.  Therefore 
minimum  pressure  drops  are  desired.  In  this  regard, 
selection  of  a  lower  density  core  material  such  as  one 
of  0.85  porosity  will  reduce  the  pressure  drop  by  a 
factor  of  about  5.  However,  in  changing  to  0.85 
porosity  the  metal  core  thermal  conductivity 
decreases  and  the  thermal  gradients  normal  to  the 
vane  core  may  start  to  become  significant,  according 
to  Wong  and  Bybbs. 

The  pressure  drop  calculations  for  the  0.75  porous 
core  indicate  feasibility  for  use  in  high-pressure 
engines,  in  which  pressure  drops  of  20.7  to  27.6 


N/cm2  (30  to  40  psi)  are  acceptable.  Further  for 
small  engines  the  vane  spans  are  often  much  less  than 
1  inch;  therefore  the  pressure  drop  tends  to  become 
less  significant  and  thinner  ceramic  layer  thicknesses 
(with  associated  higher  cooling  flows)  may  be 
acceptable.  The  vane  trailing  edge  presents  a  special 
problem  since  spanwise  flow  alone  will  not  provide 
sufficient  cooling.  Therefore  trailing-edge  ejection 
was  used  to  cool  the  rather  thin  layer  of  porous  metal 
in  this  portion  of  the  blade.  In  this  regard  the 
mathematical  model  used  does  not  accurately  model 
the  two-dimensional  flow  in  the  region  of  the  feed 
hole  for  trailing-edge  cooling.  However,  it  was 
judged  that  this  simplication  was  not  critical  for 
feasibility  analysis  purposes. 


Summary  of  Results 

A  new  vane  concept  composed  of  a  porous  metal 
core  cversprayed  with  an  yttria-stabilized  zirconia 
(ZtOi)  ceramic  layer  was  proposed  for  high- 
temperature  turbines.  As  a  check  on  feasibility, 
experiments  were  made  on  cooling  flow  pressure 
drop  through  the  porous  metal  core  material  as  a 
function  of  mass  flow.  These  experiments  provided  a 
measure  of  the  hydraulic  diameter  of  the  core 
porosity  based  on  an  analogy  to  the  friction  factor  in 
laminar  pipe  flow;  the  low  Reynolds  number  of  the 
flow  seems  to  justify  this  assumption.  A  heat  transfer 
analysis  of  a  particular  vane  geometry  provided  the 
required  cooling  flows  as  a  function  of  ceramic  layer 
thickness  needed  to  maintain  cooling  flow  exit 
temperature  within  given  limits  set  by  the  oxidation 
rate  of  the  porous  metal.  And  finally  flow  analysis 
(based  on  prior  testing)  provided  the  pressure  drop 
associated  with  the  cooling  flow.  These  flow  tests  and 
vane  heat  transfer  analysis  indicated  the  following: 

1 .  The  ceramic-coated-porous-metal  vane  concept 
is  feasible  from  a  porous  metal  core  temperature  and 
cooling  flow  standpoint. 

2.  The  overall  heat  transfer  coefficient  is  markedly 
affected  by  the  ceramic  layer  thickness. 

3.  With  trailing-edge  ejection  the  porous  metal 
core  temperature  in  the  trailing  edge  can  be  kept 
within  design  limits  by  acceptable  cooling  mass  flows 
and  pressure  drops. 


Lewis  Research  Center 

National  Aeronautics  and  Space  Administration 
Cleveland,  Ohio,  April  27,  1981 
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Appendix— Symbols 


A 

cp 

d * 
F 

g 

h 

k 
L 
P 
A P 
Q 
Re 
s 
T 
V 
W 
2 


flow  area,  cross-sectional  area  of  vane  airfoil 
shape 

specific  heat 

hydraulic  diameter 

friction  factor 

acceleration  due  to  gravity 

heat  transfer  coefficient 

thermal  conductivity 

length 

pressure 

pressure  drop 

heat  flux 

Reynolds  number 

perimeter  of  airfoil  shape 

temperature 

velocity 

mass  flow 

vane  span 


y  kinematic  viscosity 
6  thickness 

*  porosity 

p  viscosity 

p  density 

Subscripts: 

bi  ceramic  thermal  barrier  inside 

bo  ceramic  thermal  barrier  outside 

ci  cooling  air  exit 

co  cooling  air  entrance 

e  equivalent  overall 

cff  effective 

g  turbine  hot  gas 

p  porous  metal 

r  rotomcter 

t  trailing  edge 
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